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Control over the chemical termination of diamond surfaces has shown great promise in the realiza-
tion of field-emission applications, the selection of charge states of near-surface colour-centres such
as NV, and the realisation of surface-conductive channels for electronic device applications. Exper-
imental investigations of ultra-thin Si and Ge layers yield surface states both within the band-gap
and resonant with the underlying diamond valence band. In this report, we report the results of
density-functional simulations of a range of coverages of Si and Ge on diamond (001) surfaces. We
have found that surface coverage with crystallogen:carbon ratios of 67% and 75% are more stable
than both higher and lower coverages on the (001)-diamond surface, and that they can explain
the observation of an occupied band around 1.7 eV below the valence band top. We also report
geometries, adsorption energies and electron affinities of these surface structures, and show that the
resonant state is made up from conventional spd-covalent σ-bonding orbitals between the surface
adsorbates.
I. Introduction
The properties of diamond as a wide band-gap semicon-
ductor with a high breakdown field, thermal conductivity
and resistance to radiation make it an exciting material
for research and technology purposes [1]. In particular,
diamond surfaces have received significant attention in
relation to new applications in the areas of field emis-
sion [2, 3], electrochemistry [4, 5] and quantum informa-
tion [6, 7].
Termination of diamond with carefully chosen chemi-
cal species allows for electrical and chemical tuning of the
surface to induce favourable conditions for device oper-
ation. Hydrogen termination [8] with C−δ–H+δ surface
dipoles generates a surface potential shift that locates the
vacuum level below the diamond conduction band min-
imum. This negative electron affinity (NEA) influences
the efficiency and current density of an electron source.
In contrast where species more electronegative than car-
bon, such as F and Cl, terminate the surface, opposing
surface dipoles [9]. Oxygen for example (C+δ–O−δ) has
a positive electron affinity (PEA) of 1.7 eV [10].
NEAs of hydrogen terminated diamond surfaces lie in
the region of −1.1–−1.9 eV [11–13], but desorption of
the hydrogen occurs above 400°C, removing the NEA.
A more thermally stable surface termination is currently
being sought, avoiding desorption and conversion to a
PEA.
Recently [14, 15] silicon and germanium termination
has been examined, focusing on the electron affinity (EA)
for optimisation of the NV− state. The proposal is that
producing an ordered surface not favouring the forma-
tion of oxygen functional groups might better controlling
the surface electronic properties, stabilising the NV cen-
tre charge state. Indeed, 950°C annealed monolayer cov-
erage followed by in situ low-energy electron diffraction
(LEED) measurements directly observed a (3×1) period-
icity for both Si and Ge terminations, with x-ray photo-
electron spectroscopy (XPS) data supporting a detailed
surface structure where Ge or Si adatoms sit on the C
site as labelled in Figure 1. In the model inferred from
the experimental observations, each crystallogen is bound
to two surface carbon atoms and two adjacent adatoms.
The electronic structure has also been obtained from the
experiments, with the data suggesting empty states in
the band-gap and an occupied surface state lying around
1.7 eV below the diamond valence band top [15]. A defini-
tive origin of this resonant state is not provided, with
indicative findings discussed below.
Silicon and germanium are group-IV elements with
chemistry similar to that of carbon. Their electroneg-
ativities of 1.90 and 2.00, respectively, are less than that
of carbon, so surface termination by these species may
be expected to produce an NEA, as is the case with hy-
drogen. Given the similar electronegativities and inter-
atomic distances (Si 2.34 A˚ and Ge 2.48 A˚ [16, 17]), one
might anticipate similar structures when terminating di-
amond. Optimal surface packing and adatom arrange-
ment with respect to chemical species is expected to in-
fluence the detailed geometry and EA. In this paper we
present the results of density functional simulations of
a range of surface number-densities of Si or Ge on the
(001)-diamond surface in order to shed light on the equi-
librium density of adatoms and the subsequent observ-
able properties.
II. Methodology
We use density-functional theory (DFT) as implemented
in the AIMPRO software package [18, 19], within the
local-density approximation [20]. Atoms are modelled
using the pseudo potential approximation [21], with the
electron states expanded using an atom-centred basis set
of independent s-, p- and d-Gaussian orbital functions of
four widths for C, Si, Ge and F, amounting to 40 indepen-
dent basis functions per atom [22]. For hydrogen four sets
of s- and p-Gaussian orbital functions (16 basis functions)
were used. The choice of basis yields total energies con-
verged in absolute terms to within 1.4 meV/atom based
upon the calculated total energy of bulk diamond. Addi-
tional basis functions are added into the vacuum region
to provide an accurate representation of the evanescent
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states. A plane wave expansion of density and Kohn-
Sham potential [18] was used to determine the matrix
elements of the Hamiltonian, with a cut-off of 200 Ha.
Surfaces are modelled using a minimum of 14 (001)-
layers of carbon, separated periodically by 20 A˚ of vac-
uum, with different numbers of atoms per layer depend-
ing upon the cross-sectional area and pattern of adsor-
bates under analysis. All atoms are fully optimised until
forces are lower than 50 meV/A˚. Figure 1 shows an ex-
ample (001)-(2×1) surface with [110]a/2×[11¯0]a in plane
lattice vectors.
(a)
FIG. 1. Top down view of unterminated (001)(2×1) surface
with in-plane lattice vectors and repeats to show periodic-
ity. High symmetry surface sites labelled in line with conven-
tion [23, 24]. The section shown includes three reconstruc-
tions, and therefore a total of six surface sites. The shaded
area shows the underlying [1¯10]a0/2×[110]a0/2 footprint of
the diamond.
Slabs have effectively two-dimensional Brillouin-zones,
and for surface cells we therefore use an in-plane
Monkhorst-Pack [25] special k-point sampling grid. A
12 × 12 mesh was used for the primitive cross-section,
with this reduced uniformly for different surface areas
whilst maintaining the sampling areal-density. Bulk dia-
mond cells are simulated using sampling schemes of com-
parable k-point density.
Using this approach, bulk diamond is determined to
have a lattice constant of 3.53 A˚ in good agreement with
other calculated [26, 27] and experimental [28] values.
For each surface structure, energetic stability is deter-
mined from the adsorption energy per Si or Ge atom,
Esurf =
1
2nm
{Etot − Eslab −Nadsµads} (1)
where nm is the number of carbon-sites per surface,
the factor of two arises from the two surfaces per slab,
Etot is the total energy of the slab under investigation,
Eslab is the energy of the unterminated reference slab
and Nads are the number of crystallogen atoms per sys-
tem. µGe and µSi, the atomic chemical potentials, are
taken from thermodynamic equilibrium of their respec-
tive bulk phases. The energy calculated in this fashion is
proportional to an areal energy density, so that multiply-
ing Esurf by 0.161 yields a value in units of eV/A˚
2. One
might also quantify the adsorption energy per adsorbate,
which is computable as 2nmEsurf/Nads, i.e. by dividing
Esurf by the fractional coverage.
EAs are obtained by alignment of the bulk and slab
electrostatic potentials structures [29].
Projected density of states (pDoS) calculations are per-
formed using Mulliken populations on atoms grouped
layer by layer from the surface into the slab with a Gaus-
sian broadening of 0.1 eV. The Brillouin zone was sam-
pled an order of magnitude higher in each direction for
the pDoS compared to the sampling used for the energy
minimisation, amounting to 60× 40× 1 k-points, to pro-
vide for a good level of convergence.
III. Results
In order to put the Si and Ge adsorbates into context, we
first present the results of the simulation of the control
state for the (001)-oriented diamond surface.
A. Unterminated (001)
Cleaving an (001) bulk diamond structure reduces co-
ordination from 4 to 2 for the surface carbon atoms.
Unsatisfied dangling bonds reconstruct to form the
dimerised (2×1) surface, lowering their energy in the pro-
cess. C–C dimers of 1.37 A˚ (Figure 2) are indicative of
a substantive pip-bonding contribution which is in good
agreement with literature values [30, 31]. Subsequent
carbon layers are perturbed by the reconstruction, with
significant variations from bulk bond-length and angle
values being confined to the four top-most atomic layers.
(a)
FIG. 2. (001)-(2×1) unterminated diamond surface side-slice
with typical bond lengths in A˚.
For the EAs, Table I lists the calcuated values based
upon the approach adopted for this study in comparison
with literature values, which lie within 0.1 eV.
Based upon these data, we conclude that the approach
is reliable over a range of surface dipoles, and proceed to
2
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(a)
FIG. 3. 67% terminated silicon terminated (001)-(2×1) surface. Lengths are in A˚. Yellow and dark-gray spheres represent
silicon and carbon atoms respectively.
TABLE I. Calculated electron affinities (eV) for untermi-
nated, hydrogen and fluorine terminated (001)-(2×1) surface.
Refs 9 and 32 are calculated, 33 is experiment.
Surface C H F
(001) 0.74a, 0.64d −2.02a, −1.97b 2.11a, 2.13c
a This study, b Ref 9, c Ref 33, d Ref 32,
the results that we have obtained for the addition of Si
or Ge to the (001)-surface.
B. Crystallogens
We have explored a range of sub-monolayer coverages of
silicon or germanium on the (001)-(2×1) diamond sur-
face with varying surface areas and periodicities. Indeed,
periodicity and geometry play a crucial role in the en-
ergy of a given coverage fraction, and are a focus of the
presented data. One monolayer is defined as one adatom
for every surface carbon site.
Group-IV elements might be expected to exist in a
four-fold co-ordinated arrangement, but the differences in
electronegativity would be anticipated to result in polar-
covalent bonds between the adsorbates and the under-
lying diamond surface. Furthermore, given the much
greater covalent radii of Si and Ge in comparison to that
of carbon, one must take care in interpretation of the
Si–Si and Ge–Ge interaction, and the net bonding of the
adsorbates. This, coupled with the PEA of the untermi-
nated diamond surface, would be expected to result in
relatively small EAs, with the sign depending upon the
coverage and the relative size of the surface dipoles with
and without adsorbates.
We first present the results for silicon addition.
1. Silicon
We find for 25% and 50% coverages, silicon atoms form
C-Si-C bridge structures with bond-lengths in the range
of 1.87–1.92 A˚, and adjacent Si-Si neighbours are 2.5 A˚
apart. These values broadly agree with inter-nuclear dis-
tances in SiC (1.89 A˚) and bulk silicon (2.34 A˚), respec-
tively [16, 17, 34]. Where more silicon is added, the un-
derlying surface reconstruction tends to be lost, consis-
tent with formation of C-Si-C structures being chemically
and energetically favourable, consistent with the exother-
mic nature of the reactions listed in Table II.
TABLE II. Calculated EAs (eV), formation energies (eV per
surface site), and C–Si displacement in the surface-normal
direction in ( A˚) for Si termination. Coverages represent the
ratio of the number of adsorbates to the number of carbon
surface sites. Period states the in-plane surface footprint as a
multiple of the shaded unit area in Figure 1.
Coverage (%) EA Eads ZC–Si Period
25 −0.43 −0.30 1.48 2×4
50 −0.69 −0.60 1.28 2×2
67 −0.80 −0.98 1.16 3×2
75 −0.81 −0.95 1.15–1.23 4×2
100 −0.96 −0.79 1.88 2×1
Of particular note is the 67% coverage structure (Fig-
ure 3), which is the same as the model proposed based
upon experimental observations [15]. Silicon atoms sit
atop the C site, co-ordinating with two carbon atoms
and two adjacent silicon adatoms. We find a relatively
large energy gain of −0.98 eV per surface site, and a cor-
responding NEA of −0.80 eV, which is close to the re-
ported figure of −0.89 eV.
To further understand the properties of this surface
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(a)
FIG. 4. pDoS spectra for the silicon surface layer (blue) and
the bulk like middle diamond layer (red). The energy scale is
chosen such that the underlying bulk diamond valence band
maximum is at 0 eV.
arrangement, we have calculated the pDoS shown in Fig-
ure 4. The plot shows the pDoS for a layer within the
slab but well away from the surface that exhibits the fa-
miliar overall DoS of bulk diamond and the energy gap.
For the pDoS of the adsorbed layer, there are a number
of surface state peaks in the bandgap (the lowest of which
is 0–4 eV above the valence band top of the underlying
diamond DoS), as well as peaks resonant with the valence
band that we shall return to below. The gap states are all
unoccupied, indicating that in this geometry the surface
is non-metallic, although the effective surface band-gap
is small.
(a)
FIG. 5. pDoS spectra as a function of distance from the sur-
face in the region of the band-gap (0–5 eV). The energy scale
is set as in Figure 4.
To further illustrate the surface states, Figure 5 shows
a focus upon the band-gap energy range, illustrating the
decay with distance from the surface; the gap-states ef-
fectively disappear within four atomic layers.
To further understand the origin and nature of the
surface states lying in the band-gap, it is necessary to
examine the associated wave functions. We find com-
binations of σ-bonding (Figure 6) between silicon with
contributions from the carbon surface dimer, and carbon
surface states with weak pi interaction between silicon
atoms along the [110] direction.
(a)
FIG. 6. Contour plot of the σ-bonding contributing to the
peak in the density of states seen in Figure 7 between silicon
adatoms when viewed down the [110] direction.
We now turn to the resonant peak in the DoS. Ref. 15
alludes to a resonant occupied state 1.75 eV below the
diamond valence band maximum. The paper tentatively
ascribes this state to silicon dangling bonds, where each
silicon adsorbate is co-ordinated with 2 carbons and is
2.5 A˚ from the nearest adjacent silicon, slightly greater
than the bulk interatomic distance [16, 17]. Our calcu-
lated pDoS shown in Figure 7 reveals a broad band be-
tween around −1 and −2.5 eV, absent from the pDoS
deeper in the slab and therefore belonging to the sil-
icon layer. Wave function analysis of these states of
show them to be spd-hybridised covalent σ-bonding be-
tween adjacent silicon atoms along the [11¯0] direction,
and not related to dangling bonds. Indeed, such bonding
may well be anticipated for four-fold co-ordinated silicon
atoms.
The data in Table II show that 75% Si-coverage is
the second most energetically favourable with Eads =
−0.95 eV, just 30 meV less stable per surface site than
the 66% coverage model of Figure 3. In this case re-
constructed carbon surface atoms co-ordinate with 2 C
atoms in the layer below within the diamond, another
C atoms involved in the reconstruction, and one silicon
atom. Un-reconstructed C-sites bond with two carbon in
4
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(a)
FIG. 7. Decomposition of the pDoS for the 67% Si-terminated
surface layer by orbital angular momentum in the region of
the valence-band resonance close to −2 eV. The energy scale
is set as in Figure 4.
a lower layer and two silicon atoms.
75% coverage appears to reflect the maximum Si:C ra-
tio where adatoms can exist in the C-Si-C formation,
as 100% coverage of silicon is fully reconstructed, and
forms a Si-Si square overlayer network akin to the lowest
energy 100% germanium structure. The introduction of
additional silicon on the 75% structure favours P site po-
sitions and co-ordination with 3 adjacent silicon atoms,
0.42 eV per surface site less favourable in energy.
A fully co-ordinated 100% silicon layer has shorter Si-C
bondlengths and sits lower to the surface with distances
of 1.92 and 1.88 A˚ respectively.
2. Germanium
As with the silicon termination, we find that for cases
with the lower percentage coverage favours the C-Ge-
C bridge structures over the H and C sites maintaining
full surface reconstruction. 67% coverage (Figure 10) in-
cludes C-Ge-C bridging along with a partial loss of the
underlying diamond reconstruction.
TABLE III. Calculated EAs (eV), formation energies (eV per
diamond surface site), and C–Ge displacement in the surface-
normal direction in (A˚) for Ge termination. Coverages and
periodicity are as defined in Table II.
Coverage (%) EA Eads ZC–Ge Period
25 −0.43 −0.29 1.59 2×4
50 −0.77 −0.60 1.36 2×1
67 −0.85 −0.87 1.24 3×2
75 −0.95 −0.73 1.31–1.48 4×2
100 −0.92 −0.80 1.96 2×1
Each Ge atom co-ordinates with 2 carbon atoms and
2 adjacent adatom germaniums. From the optimised ge-
ometries, the 1.24 A˚ value of ZC–Ge is the smallest ob-
tained for any Ge-termination (Table III), indicative of
a generally substantial surface normal displacement, sys-
tematically greater than found for the Si case.
(a)
FIG. 8. pDoS spectra for the 67% germanium surface layer
(blue) and the bulk like middle diamond layer (red). VBM
set to 0 eV.
The 67% structure, as with the silicon case, is found
to be the most energetically favourable of those evalu-
ated. The adsorption energy of −0.87 eV per surface site
is slightly less than that found for the same Si-containing
structure from the surface and an NEA of slightly greater
than the corresponding silicon case at −0.85 eV.
(a)
FIG. 9. Germanium surface layer composition with focus on
peak at −2.5 eV. The underlying diamond valence band max-
imum is set to 0 eV.
The modest differences between Si and Ge termina-
tion are consistent with the chemical and structural sim-
ilarities of these two species, and one might then expect
similar outcomes for mixed termination.
We also examined the DoS for Ge termination in line
with the results presented for Si. The pDoS show that
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(a)
FIG. 10. 67% germanium terminated (001)-(2×1) surface. Lengths are in A˚. Brown and dark-gray spheres represent germanium
and carbon atoms respectively.
the Ge-layer also introduces states into the bandgap re-
gion (Figure 8) with an even smaller gap between the
surface states and the underlying diamond valence band
(around 0.1 eV for 67% coverage). Peaks are also ob-
served (Figure 9) resonant with the valence band in the
−2.5 to −1.0 eV range, which are also spd-hybrids in σ-
bonding orbits between neighbouring Ge atoms, and we
predict that the observation of resonant states for Si in
ARPES data would be replicated for germanium termi-
nated diamond surface.
75% coverage represents a similar structure to that of
the 67% with a further loss of the underlying diamond
surface reconstruction. This increases the periodic cell
size in the [110] direction from [330]a0/2 to [220]a0. Much
like the same coverage of silicon, germanium atoms form
bridges between surface carbon site and bond to two ad-
jacent Ge atoms. The Ge-C bond-length for all coverages
is in the region of 1.96 A˚ and 2.02 A˚, in good agreement
with distances in germanium carbide [35].
Monolayer coverage shows a fully covalent tetrava-
lently bonded square network on the surface. Ge–Ge
bond-lengths are determined to lie between 2.48 and
2.52 A˚, consistent with those of bulk germanium [16, 17].
Germanium surface atoms co-ordinate with 4 adjacent
germanium atoms and one carbon. This represents the
second lowest energy structure with −0.80 eV per surface
site gain in energy and a significant NEA at −0.92 eV.
We find that for Ge all coverages studied represent an
exothermic reaction relative to the unterminated surface
and bulk Ge, and possess a NEA. Indeed, we find all Si
and Ge coverages exhibit these properties, as illustrated
in Figure 11. Therefore in the event of an (001)-diamond
surface with variable coverages and surface sites, which
may be the case in experiment, an NEA will still be ex-
hibited. This may be important for device fabrication,
as disorder in the surface structure is expected to be less
(a)
FIG. 11. EA and Eads trends with increasing coverage for
both Si (squares) and Ge (circles) as a function of coverage
fraction.
of a factor in generating conductive states.
Finally, we reflect upon the differences we find between
Si and Ge. A key factor between the geometry of silicon
and germanium structures with the same coverage is due
to the different covalent radii of the of the two species.
The structures of Si-terminated diamond (Table II) re-
sult in generally higher adsorption energies than the cor-
responding Ge cases, which have larger surface normal
displacements, consistent with the generally larger NEAs
for Ge termination.
IV. Conclusions
Density functional calculations of the diamond surface
terminated by Si or Ge under a range of submonolayer
coverages lead to the prediction that such reactions are
exothermic and the treatments would produce a NEA.
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We find adatoms prefer C-X-C bridge arrangements over
other locations such as H and C sites. Silicon, partly due
to its covalent radius, is expected to be more likely to
exist in this configuration at higher coverages. In com-
parison to Si, Ge terminations tends to be energetically
less favourable but exhibit larger NEAs, but both species
exhibit the lowest energy structures at the same coverage.
Si and Ge atoms at 67% coverage sit above the C site and
co-ordinate fully, twice with carbon and adjacent crystal-
logen atoms. Relatively modest NEAs for all coverages
(peaking at around −0.8 eV) may be of some use for field
emission and NV stabilisation purposes, provided that
these surfaces do not chemically degrade under opera-
tion or in atmosphere. Evaluation of the energetics and
properties of the oxides of silicon and germanium is be-
yond the scope of this paper, but is the subject of a sepa-
rate study under preparation. The energy liberated upon
addition of Si or Ge to an otherwise unterminated (001)-
diamond surface is calculated to be 0.9–1.0 eV per surface
site. This relatively modest energy is difficult to interpret
on an absolute scale, as the reaction energies necessitate
the presumption of the reactants involved. However, the
stabilisation of the (001)-diamond surface by the addi-
tion of Si is broadly consistent with the experimental
observation of Si termination up to about 1200°C [36].
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